Purpose: The purpose of this study was to evaluate the diagnostic efficacy of fine-needle aspiration (FNA), core needle biopsy (CNB), and combined FNA/CNB for the first-line diagnosis of thyroid nodules. Methods: A total of 782 consecutive nodules that underwent simultaneous FNA and CNB were analyzed in this study. We compared the rate of inconclusive results and the diagnostic values for malignancy among FNA, CNB, and combined FNA/CNB. Results: CNB showed a lower rate (10.2%) of inconclusive results than FNA (23.7%) (P<0.001). Combined FNA/CNB showed a lower rate (6.5%) of inconclusive results than FNA (all nodules, P<0.001; macronodules, P<0.001; and micronodules, P<0.001, respectively) or CNB (all nodules, P<0.001; macronodules, P<0.001; and micronodules, P=0.003, respectively). Combined FNA/ CNB and CNB showed significantly higher sensitivity, accuracy, and diagnostic performance for malignancy as defined by criterion 1 (Bethesda category VI) or criterion 2 (Bethesda categories IV/V/VI) than FNA (P<0.001). However, there was no significant difference in the sensitivity, accuracy, or diagnostic performance between combined FNA/CNB and CNB (with criterion 1, P=0.063, P=0.063, and P=0.412, respectively; with criterion 2, P=0.500, P=0.500, and P=0.348, respectively). Conclusion: CNB was found to be more effective than FNA for the diagnosis of thyroid nodules, and its sensitivity and diagnostic performance for malignancy were similar to those of combined FNA/CNB. CNB has the potential to be an effective alternative first-line diagnostic tool for thyroid nodules when performed by an experienced operator.
procedure for thyroid nodules [1] [2] [3] . However, FNA has limitations and may result in a substantial rate of inconclusive results (usually 6.4%-47.3% of FNA results), including nondiagnostic or atypia of undetermined significance (AUS)/follicular lesion of undetermined significance (FLUS) results [4] . The rate of nondiagnostic FNA results has been reported to be 5%-21% [4] [5] [6] , while that of AUS/FLUS results is 3%-27.2% [4, [6] [7] [8] [9] . In such a situation, repeat FNA or diagnostic surgery is required for the diagnosis and management of a thyroid nodule [1, 10] . However, repeated nondiagnostic results occur in 17%-47% of re-aspirated thyroid nodules with previous nondiagnostic samples [5, 7, 8, 11] , and the rate of repeated AUS/FLUS diagnoses after repeat FNA has been reported to be up to 67% [12] [13] [14] [15] .
Core needle biopsy (CNB) has been proposed as a complementary diagnostic tool to overcome the limitations of FNA. Previous studies [16] [17] [18] [19] [20] have reported that simultaneous FNA and CNB was safe and could improve diagnostic adequacy and sensitivity for malignancy in thyroid nodules compared with FNA alone. Based on those studies, we selectively performed simultaneous FNA and CNB, mostly in nodules with US features suspicious for malignancy or follicular neoplasm and when there was a concern about the FNA results being inadequate. Recent studies [21] [22] [23] have also reported that combined FNA/CNB showed greater adequacy and diagnostic efficacy than FNA alone. Several studies [24] [25] [26] [27] [28] have reported that CNB was more effective for reducing inconclusive results (nondiagnostic or AUS/FLUS) than repeated FNA in nodules with prior nondiagnostic or AUS/FLUS FNA results. Recently, the potential role of CNB as a first-line diagnostic tool in assessing thyroid nodules has been explored [29] [30] [31] . However, the role of CNB and combined FNA/CNB as a first-line diagnostic method for thyroid nodules has not been established.
The purpose of this study was to determine whether CNB is more effective than FNA for the first-line diagnosis of thyroid nodules, and we also assessed whether a combined FNA/CNB diagnosis may provide additional diagnostic benefits over FNA or CNB alone.
Materials and Methods
The Institutional Review Board approved this retrospective study, and the requirement to obtain informed consent was waived.
Study Population
From February 2010 to December 2014, a total of 1,362 thyroid nodules from 1,219 consecutive patients were subjected to USguided CNB at a single institution. Simultaneous FNA and CNB was performed in 896 nodules from 804 patients, of which 114 nodules from 90 patients were excluded because they had undergone prior FNA or had inconclusive FNA results from other hospitals. A total of 782 thyroid nodules from 714 consecutive patients (588 women, 126 men; mean age, 46.9±12.9 years; range, 15 to 86 years) in whom simultaneous FNA and CNB was initially performed were enrolled in this study. The reasons for performing CNB during this period were as follows: (1) nodules with a high risk of nondiagnostic FNA results, such as heavily calcified nodules (n=50) or predominantly cystic nodules (n=13); (2) nodules (>5 mm) with suspicious US features (at least one of the following US features: a taller-than-wide shape, a spiculated/microlobulated margin, marked hypoechogenicity, microcalcification, and macrocalcification) (n=422) [32] ; (3) nodules suggestive of a follicular neoplasm (solid nodule with a well-defined smooth margin) (n=171); (4) candidate nodules for radiofrequency ablation (n=49); and (5) a request from the referring physician (n=77). A final diagnosis of malignancy was based on histopathologic readings from surgical resections or an FNA and/or CNB diagnosis of malignancy. A final diagnosis of a benign nodule was made when one of the following conditions was fulfilled: surgical diagnosis, at least two benign diagnoses on FNA and/or CNB, or one benign diagnosis on CNB or FNA that did not show indeterminate or malignant cytology or histology results on the initial or repeat FNA or CNB.
US-Guided FNA and CNB Procedures
FNA and CNB procedures were performed under high-resolution color Doppler US guidance using a 10-to 12-MHz linear transducer (AplioXG, Toshiba, Otawarashi, Japan) by an experienced radiologist (D.G.N.) with 15 years of experience in thyroid US imaging and intervention. FNA was performed using the conventional method and at least two samples were obtained from each nodule [33] . CNB was performed using a disposable 18-gauge, single-or double-action spring-activated needle (approximately 1 or 2 cm excursion; TSK Acecut or Stericut, Create Medic, Yokohama, Japan), as described previously [24, 34] . In CNB, the needle notch was positioned to cut some portion of the normal parenchyma (about 2 mm in length) at the nodule margin, if technically feasible. In most cases, CNB was performed after FNA and the number of CNB biopsies was 1 or 2. After patients underwent biopsy, we immediately compressed the biopsy site and they were observed during manual self-compression of the biopsy site for 20-30 minutes. We made an effort to obtain satisfactory cytology and histology specimens through a visual assessment of the cytology and histology specimens by the operators during each FNA and CNB procedure.
Cytology and Histology Analyses
All FNA cytology specimens were interpreted according to the six categories of the Bethesda System for Reporting Thyroid Cytopathology (BSRTC) [10] . The diagnostic categories of CNB for 
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Demographic Data
The mean size (maximum diameter) of the thyroid nodules was 13.8±10.2 mm (range, 5 to 70 mm). There were 356 micronodules (<1 cm) and 426 macronodules (≥1 cm). A final diagnosis was made in 686 of the 782 thyroid nodules (87.7%). Among these nodules, a final diagnosis of malignancy (n=281, 41.0%) was made based on histopathologic readings from surgical resections (n=118) or a diagnosis of malignancy (BSRTC category 6) by FNA and/or CNB (n=163). The final diagnoses of the 405 benign nodules (59.0%) were determined by (1) a surgical specimen (n=13); (2) at least two benign cytology findings on FNA and/or CNB (n=335); or (3) one benign cytology finding on CNB or FNA (n=57). Malignancy rate, n (%) Ultrasonography 37(3), July 2018 e-ultrasonography.org
Diagnostic Results of FNA and CNB
Among the 782 nodules, 64 (8.2%) were diagnosed as AUS/FLUS by CNB, including 24 nodules (37.5%) with nuclear atypia and 40 nodules (62.5%) with architectural atypia. In the 14 nodules that received a final diagnosis and had an AUS/FLUS diagnosis by CNB, the malignancy rate was higher in nodules with nuclear atypia than in nodules with architectural atypia (4 of 5, 80.0% vs. 2 of 9, 22.2%), but the difference was statistically insignificant (P=0.091). Among the 52 nodules with AUS/FLUS by CNB and concurrent diagnostic FNA results, the frequency of the CNB subcategory of nuclear atypia was significantly higher in the group of nodules with FNA results of category III, IV, V, or VI than in the group of nodules with FNA results of category II (17 of 31, 54.8% vs. 1 of 21, 4.8%, P=0.001). Tables 1 and 2 show the malignancy rate of each combined FNA/ CNB result in nodules with a final diagnosis. Concordance of the diagnostic results between FNA and CNB was found in 501 of the 686 nodules (73.0%) with a final diagnosis. In the 501 diagnosed nodules with concordant FNA and CNB results, the malignancy rate of each result category was 0% for benign, 57.1% for the category of AUS/FLUS, 33.3% for the category of FN/SFN, 100% for the category of suspicion of malignancy, and 100% for malignant results. In the 81 nodules that received a final diagnosis and had a benign diagnostic result by either FNA or CNB and other concurrent FNA or CNB results, malignant tumors were found in two of the 11 nodules (18.2%) with a benign FNA diagnosis and other CNB results, and in one of the 70 nodules (1.4%) with a benign CNB diagnosis and other FNA results (Table 1 ). In the 81 nodules with a benign diagnosis based on either FNA or CNB, malignant tumors diagnosed by surgery were only found in nodules with concurrent diagnostic results of FN/SFN or malignancy by either FNA or CNB, and there were no malignant tumors in nodules with a concurrent diagnosis of AUS/FLUS by either FNA or CNB. The malignancy rate of each combined FNA/CNB category showed no false negative results within the benign categories and no false positive results in the categories of suggestive of malignancy or malignant. The AUS/FLUS In all nodules, combined FNA/CNB and CNB showed significantly better diagnostic performance for the diagnosis of malignancy with criterion 1 or 2 than FNA based on the ROC analysis (P<0.001). The diagnostic performance of combined FNA/CNB and CNB was also better than that of FNA with criterion 1 or 2 in macronodules (FNA/ Values are presented as number (%). FNA, fine-needle aspiration; CNB, core needle biopsy; AUS/FLUS, atypia of undetermined significance/follicular lesion of undetermined significance.
Malignancy Rate of Combined FNA/CNB Results
Ultrasonography 37(3), July 2018 e-ultrasonography.org CNB vs. FNA, with criterion 1, P<0.001, with criterion 2, P=0.006; CNB vs. FNA, with criterion 1, P<0.001, with criterion 2, P=0.006) and micronodules (P<0.001). However, based on the ROC analysis, there was no significant difference in the diagnostic performance between CNB and combined FNA/CNB with criterion 1 (all nodules, P=0.412; macronodules, P=0.634; and micronodules, P=0.500) or 2 (all nodule, P=0.348; macronodules, P>0.999; and micronodules, P=0.319), regardless of the nodule size. There were no false-positive results using the criterion of category VI. The false-negative rates of FNA, CNB, and combined FNA/CNB were 0.6% (2 of 329), 0.3% (1 of 388), and 0% (0 of 396), respectively.
Complications
There were no major complications such as serious hemorrhage in any of the patients, and none required hospital admission or intervention. Four patients (0.6%) developed perithyroidal hemorrhage (n=1) or intrathyroidal hemorrhage/edema (n=3) after the procedure. The hematoma and edema resolved following compression for approximately 1 hour. There were no cases of infection or needle track seeding during the follow-up period.
Discussion
Our study showed that CNB resulted in significantly lower rates of inconclusive results and higher sensitivity, accuracy, and diagnostic performance for malignancy than FNA. Although combined FNA/ CNB showed a lower rate of inconclusive results than FNA or CNB, there were no significant differences in diagnostic performance and sensitivity for malignancy compared with CNB. Recently, the potential role of CNB as a first-line tool for the diagnosis of thyroid nodules has been investigated. A recent study showed that CNB had low rates of nondiagnostic results (1.3%), inconclusive results (5.9%), and complications (0.2%), and displayed high diagnostic accuracy (97.6%) and minimized unnecessary operations (0.5%) [31] . In another study, the diagnostic accuracy of CNB was significantly higher than that of FNA (96.8% vs. 78%, P<0.001) and reduced the rates of false negative and inconclusive results in nodules with suspicious US features [29] . Our results suggest that CNB could prevent unnecessary repeated biopsy procedures or diagnostic surgery due to inconclusive results in 13.5% of nodules, and an additional malignant diagnosis (category VI) could be achieved by CNB in 27% of malignant tumors compared with FNA. When performed by experienced operators, CNB has been reported to be safe [36, 37] and tolerable [38, 39] . Therefore, although FNA has been widely used as a first-line diagnostic tool, CNB may be used by experienced operators as an alternative first-line diagnostic tool for thyroid nodules. However, at present, several limitations of CNB in comparison with FNA hinder its wide clinical application for the diagnosis of thyroid nodules. First, the diagnostic results of CNB may depend on the individual pathologist's experience because standardized pathologic criteria for CNB have not been established. Second, CNB requires operators to have more interventional experience, and less experienced operators may have concerns about potential procedure-related complications. Third, nondiagnostic CNB results due to mistargeting were found only in two of the seven small nodules (28.6%) (<1 cm) that showed nondiagnostic CNB results. It should be noted that the risk of mistargeting may increase in small subcentimeter nodules and that CNB may not be technically feasible for small nodules located at the posterior margin of the thyroid. In our study, the six categories of combined FNA/CNB diagnoses were based on the malignancy rate of the combined results of simultaneous FNA and CNB. Although there were two false-negative cases diagnosed by FNA and one false-negative case diagnosed by CNB (malignant tumors diagnosed as benign nodules by FNA or CNB), these cases were diagnosed as FN/SFN or malignancy based on the combined FNA and CNB diagnosis. This suggests that FNA and CNB play complementary roles in the diagnosis of thyroid nodules, and may explain why there were no malignant tumors in nodules with a combination of benign and AUS/FLUS diagnoses by FNA or CNB. Therefore, nodules with a combination of benign and AUS/FLUS diagnoses were categorized as benign for the combined FNA/CNB diagnosis. Our study suggests that nodules with benign and AUS/FLUS diagnoses by simultaneous FNA and CNB can be considered and managed as benign nodules, considering the very low malignancy rate.
The reasons for discordant FNA and CNB results may be explained primarily by the difference in the volume of the specimen that was obtained and by the different diagnostic criteria of FNA and CNB. First, the large tissue samples obtained in CNB can minimize nondiagnostic results and may reduce AUS/FLUS FNA results related to paucicellular or compromised aspirates [12] , and this might explain why we found that the CNB diagnosis was malignant for many nodules diagnosed as suspicious for malignancy by FNA. Second, CNB specimens can provide information about architectural histologic features, including the nodule capsule, as well as information about cellular nuclear features. Although FNA specimens from normofollicular or macrofollicular neoplasms are usually diagnosed as benign, the CNB specimens can be diagnosed as a follicular neoplasm or an indeterminate follicular lesion [35] .
Our study showed that combined FNA/CNB slightly reduced the rates of inconclusive results (3.7% reduction) and false-negative results in rare cases (0.4%) compared with CNB alone. However, the diagnostic performance of CNB for malignancy was similar to that of combined FNA/CNB, and the false negative rate of CNB was very low (<1%). These data suggest that combined FNA/CNB diagnosis by simultaneous FNA and CNB has a substantial added diagnostic benefit over FNA but has a low added diagnostic benefit over CNB alone for first-line diagnostic use in thyroid nodules. When compared with CNB alone, the routine use of simultaneous FNA and CNB for the first-line diagnosis of thyroid nodules may not be justified over CNB alone due to the low added benefit and procedural burden.
Our study has several limitations. First, there was a patient selection bias based on the retrospective study design. Because CNB was performed mostly in nodules with US features suggestive of malignancy or follicular neoplasm and in nodules with a high rate of nondiagnostic FNA results, our results may not be generalizable to all thyroid nodules. Second, the results of the CNB diagnoses may have been influenced by FNA performed before CNB. Third, the diagnostic categories and histologic criteria of CNB for thyroid nodules have not yet been standardized. Further investigations are required for the standardization of histologic diagnoses based on CNB in thyroid nodules. Fourth, further reproducible studies are required to establish the role of CNB as a first-line diagnostic tool for thyroid nodules because CNB was performed by an experienced radiologist in our study.
In conclusion, CNB was more effective than FNA for reducing inconclusive results and for obtaining accurate diagnoses of malignancy in first-line use for thyroid nodules. Although combined FNA/CNB slightly reduced the rate of inconclusive results, its diagnostic performance for malignancy was similar to that of CNB. Therefore, CNB has the potential to be an effective alternative first-line diagnostic tool in thyroid nodules when performed by experienced operators. 
